A single lambda DNA was labeled with biotin at one end and immobilized on a streptavidin coated glass coverslip. The other end of the DNA was labeled with a digoxigenin molecule and coupled to a quantum dot conjugated with anti-digoxigenin antibodies. Tethered DNAs were washed with either PBS or 50% sucrose buffer prior to imaging. Quantum dots were excited with a 532 nm laser and imaged using a homebuilt through-objective TIRF microscope. Fluorescence images were acquired using an EM-CCD camera for 10 minutes at two frames per second. For each frame of the movie, the center-of-mass of the quantum dot was determined using a customized algorithm written in MATLAB ( Figure S2a ). The attachment point of each tethered quantum dot was then determined by two-dimensional Gaussian fitting. The radial displacement of the quantum dot center from the attachment point was calculated according to the formula r 2 = x 2 +y 2 . This radial displacement is well fit to a Gaussian distribution according to the formula P r (r) = r σ 2 exp(− r 2 σ 2 ) ( Figure S2b ), consistent with the DNA behaving as a long tethered flexible polymer. The persistence length can be calculated from the parameter σ using P = 3σ 2 2L , where L is the length of the DNA. [1] 
Dynamic light scattering measurements
Anti-His 6 functionalized quantum dots were diluted with phosphate buffered saline to a final concentration of approximately 100 nM and loaded into a cuvette. Dynamic light scattering data were collected on a Protein Solutions DynaPro instrument with 100% laser power and an acquisition time of 10 s. Data from 10 repeats were averaged using the manufacturer's Dynamics V6 software, and the size distribution and average hydrodynamic radius were calculated assuming spherical geometry and a solvent viscosity of 1.019 cP.
Theoretical assumption of small fluctuations
One of the key assumptions of our theoretical model is that steady-state fluctuations in the extensions of the labeled polymer segments are small enough that the truncated Taylor expansion in Eq. 3 of the text can be considered valid. This truncation makes it possible to decouple the motion in different coordinate directions as well as to use the linear Langevin equation in Eq. 5 of the text.
To justify this assumption, we must show that the distributions in the transverse and longitudinal fluctuations δX i , δY i and δZ i are narrowly peaked about their average values of zero for all relevant values of i. (The 2, 3 , 3, 4 , and 4, 5 segments for which we extracted the force-extension data correspond, repsectively, to values of i = 3, 4, 5.) The distribution of δZ i will be sufficiently narrow for a given flow if its standard deviation is small compared to the mean extensionR i in the same flow. Because δY i appears to leading order in the Taylor expansion as δY 2 i , its distribution will be sufficiently narrow if its variance is small compared withR 2 i . We cannot determine anything about the fluctuations in the x-direction from our experiments, but, because the shear gradient should discourage large fluctuations in that direction, it is safe to assume that the variance in δX i is bounded above by the variance in δY i .
The variance of δY i can be very simply related to specific elements of the transverse covariance matrix computed from our experiments.
A completely analogous expression exists for the variance in δZ i . Defining the ratios σ y i and σ z i as
we can then say that we are in the regime of small fluctuations when σ y i , σ z i 1 for all relevant i. Values for σ y and σ z are listed in Tables S1 and S2, respectively, for flows with Wi of 26, 52, 104, and 155. This data confirms that we are indeed within the regime of small fluctuations for all the flows and polymer segments for which we extracted force-extension data (see Fig. 6 of the main text). 
